Abstract Abundant lignocellulosic biomass from various industries provides a great potential feedstock for the production of value-added products such as biofuel, animal feed, and paper pulping. However, low yield of sugar obtained from lignocellulosic hydrolysate is usually due to the presence of lignin that acts as a protective barrier for cellulose and thus restricts the accessibility of the enzyme to work on the cellulosic component. This review focuses on the significance of biological pretreatment specifically using ligninolytic enzymes as an alternative method apart from the conventional physical and chemical pretreatment. Different modes of biological pretreatment are discussed in this paper which is based on (i) fungal pretreatment where fungi mycelia colonise and directly attack the substrate by releasing ligninolytic enzymes and (ii) enzymatic pretreatment using ligninolytic enzymes to counter the drawbacks of fungal pretreatment. This review also discusses the important factors of biological pretreatment using ligninolytic enzymes such as nature of the lignocellulosic biomass, pH, temperature, presence of mediator, oxygen, and surfactant during the biodelignification process.
Introduction
Lignocellulosic biomass is abundantly generated by various industries and is often regarded as an unwanted waste with zero market value. The U.S. Department of Energy has reported that lignocellulosic biomass is generated at 60 billion tonnes per year (Christopher et al. 2014) . Lignocellulosic biomass comes from forest and wood waste resources (such as poplar) and agriculture residues (such as rice straw, wheat straw, and corn stover). From 341 million tonnes of lignocellulosic biomass produced in 2012, agriculture residues contribute about 70 % and the other 30 % is generated from forest residues (Balan 2014) . Conventionally, the lignocellulosic biomass is used to generate electricity required for mill operation, processed into animal feed, and used as mulching agent in plantation area. Some of the remaining lignocellulosic biomass are burned or left to decompose naturally which will take years. Nevertheless, most of the lignocellulosic biomass generated from the agriculture sectors is not fully utilised and systematically disposed of. A lot of issues arise due to the improper biomass waste management. An appropriate method of disposal by employing recent innovation and technology for the remaining lignocellulosic biomass is required to produce value-added products such as biofuel.
The utilisation of fossil fuel is extensively used for energy supply in correlation with the increase of world energy demand. Unfortunately, carbon-positive fossil fuel leads to an increase of carbon emission into the biosphere which causes greenhouse effect. Nowadays, approximately 65 % of carbon dioxide emission comes from the combustion of fossil fuel and industrial processes (IPCC 2014) . To offset this problem, it is favourable to find new, renewable, carbon-neutral, or negative sources of energy from naturally replenished resources. One of the most renewable and promising resources is lignocellulosic biomass. Utilisation of lignocellulosic biomass provides energy security and is of benefit to the environment. Since lignocellulosic biomass is produced in an excess amount from various industries, there is no feedstock shortage issue compared to fossil fuels.
Generally, conversion of lignocellulosic biomass to valueadded products requires pretreatment process (physical, chemical, physicochemical, and biological) . Direct utilisation of lignocellulosic biomass is a challenging step due to a layer of lignin that hinders enzyme attack on the holocellulose which is still in the intact polymer form. Biological pretreatment using ligninolytic enzymes has many advantages over fungal pretreatment. Ligninolytic activity exhibited by fungi colonising decayed wood in nature has kindled interest to understand the mechanism of lignin degradation for biotechnological applications. In brief, biological pretreatment using ligninolytic enzymes focuses on disrupting the lignin structure in the lignocellulosic biomass with the aim of increasing the accessibility of the enzyme to the holocellulose. Therefore, the aim for this review is to exploit the potential of ligninolytic enzymes in utilising the lignocellulosic biomass for the production of value-added products such as biofuel, animal feed, and paper pulping.
Structural properties of lignocellulosic biomass
Lignocellulosic biomass is composed of lignin, hemicellulose, and cellulose as its basic components as well as small amounts of ash and extractive residues (Dagnino et al. 2013 ). Hemicellulose and cellulose are polysaccharides that are made up from sugar monomers. Hemicellulose usually comprises of a wide variety of pentose and hexose sugars such as arabinose, mannose, xylose, and galactose. Hemicellulose is arranged in a branched chain by β-1,4-glycosidic bonds and occasionally β-1,3-glycosidic bonds, and it lies as an intermediate between lignin and cellulose structures (Kuhad et al. 1997; Gray et al. 2006; Kumar et al. 2009 ). On the other hand, cellulose is a polysaccharide of β-D-glucose bonded with β-1,4-glycosidic bonds to form the basic repeating unit of cellobiose in the cellulose chain. Glucose is a type of hexose sugar linked by β-1,4-glycosidic bonds in a straight chain manner to form a cellulose polymer (Gray et al. 2006) . The powerful network of hydrogen bonding within the crystalline cellulose refrained hydrolytic enzyme reaction (Nishiyama et al. 2002) .
Lignin is the second most abundant natural polymer after cellulose that accounts for 15-30 % dry weight of lignocellulosic biomass. In nature, lignin is encountered in various parts of the plant such as leaves, branches, shoots, trunks, and roots. For that reason, lignin plays an essential role for plants in giving mechanical support, protection against microbial attack, and oxidative stress (Sánchez 2009 ). Lignin protects the holocellulose (cellulose and hemicellulose) from pathogens and natural damage by enveloping holocellulose with lignin matrix. Furthermore, the robustness of the plant cell wall towards mechanical pressure and penetration of plant pathogens is due to lignin's resilience in the plant system (Bhuiyan et al. 2009 ). The lignin which forms during the wound response of a plant was demonstrated to be different from the lignin in normal vascular or conducting tissues. This indicated that the lignification in the wound response and plant development are regulated differently (Lange et al. 1995) .
Lignin comprises of amorphous and phenolic polymers derived from three monolignols specifically p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol (Perez et al. 2002; Kumar et al. 2009 ). This phenolic polymer is randomly branched and the aromatic units are cross-linked with other polymers in the lignocellulosic biomass. The primary chemical bonds that contribute to the resistance of lignin are ether and C-C bonds (Bugg et al. 2011) . These bonds are not prone to hydrolytic agents; therefore, lignin is resistant to degradation. Lignin belongs to two classes, namely guaiacyl lignin and guaiacyl-syringyl lignin, based on the substituents bonded to the phenylpropanoid lignin backbone. Guaiacyl lignin has methoxy group in the 3-carbon position, while guaiacylsyringyl lignin has methoxy group in both the 3-carbon and 5-carbon positions (Palmqvist and Hahn-Hägerdal 2000) . In general, the composition, molecular weight, and quantity of lignin differ according to the plant type (Sánchez 2009 ). The classification of hardwoods (angiosperms), softwoods (gymnosperms), and grasses relies on the distribution of lignin in the plant material. The lignin content is abundant in softwoods (28-32 %) followed by hardwoods (20-25 %) and grasses (17-24 %) (Agarwal et al. 2011) .
The complex structure of lignin makes it difficult to be enzymatically degraded compared to other natural polymers such as protein, cellulose, and starch (Kumar et al. 2006) . Lignin acts as a natural barrier that hinders the accessibility of hydrolytic enzymes to hydrolyse the holocellulose, and it became one of the bottleneck problems faced in the application of lignocellulosic biomass into value-added products (Belal 2013; Asgher et al. 2013) . Therefore, pretreatment is the key step in lignocellulosic biomass utilisation prior to any applications. It will break down the outer layer of lignin that limits enzyme accessibility to cellulose and break up the crystalline cellulose structure (Mosier et al. 2005; Ariffin et al. 2008) . The current industrial practice in the pretreatment process for lignocellulosic biomass hydrolysis is highly debated as there is still no suitable and cost-effective pretreatment technology available in the market currently (Dagnino et al. 2013) .
Lignocellulosic biomass pretreatment methods
The best pretreatment method refers to a process that is able to modify the lignin structure of the substrate and increase the digestibility of the cellulose for hydrolysis (Mosier et al. 2005) . One of the obstacles in enzymatic hydrolysis of lignocellulosic biomass is the recalcitrant properties of the lignin covering hemicellulose and cellulose (Chang and Holtzapple 2000) . The removal of lignin, the reduction of cellulose crystallinity, and the increase of fibre porosity are all vital in improving the enzymatic hydrolysis of the lignocellulosic biomass (Hendriks and Zeeman 2009) .
Various pretreatment methods have been implemented with the aim to overcome the lignin barrier problem that limits the enzyme availability towards cellulose as a substrate. As discussed in numerous reports, pretreatment can be divided into four types which are physical, chemical, physicochemical, and biological pretreatment (Sun and Cheng 2002; Taherzadeh and Karimi 2008; Hendriks and Zeeman 2009; Alvira et al. 2010 ). All pretreatments focus on improving the hydrolysis rate and minimising by-product inhibition so as to increase fermentable sugar production (Sun and Cheng 2002) . Table 1 summarises the current pretreatment technologies for lignocellulosic biomass pretreatment.
Biological pretreatment
Biological pretreatment is an alternative pretreatment for a greener and cleaner technology and has become a new interest among researchers. As the world moving towards the green technology concept, biological pretreatment has several advantages over physical and chemical pretreatments for instance: (i) greater substrate and reaction specificity, (ii) lower energy requirements, (iii) less environmental issues, and (iv) higher yields of the desired products (Isroi et al. 2011; Asgher et al. 2013) .
Biodegradation of lignocellulosic biomass by the action of lignocellulolytic enzymes secreted by microorganisms is responsible for a balanced carbon cycle in the environment. Adaptation of such natural processes into biotechnological applications should start with the manipulation of microorganisms capable of producing lignocellulolytic enzymes. Two main strategies can be adopted for cost reduction such as (i) development of an enzyme cocktail as reported by biotechnology companies such as Genencor International and Novozyme as well as (ii) enhancement of strains through genetic modifications and bioprocesses (Knauf and Moniruzzaman 2004; Gusakov et al. 2007 ).
Fungal pretreatment
Fungal pretreatment refers to fungus applied on lignocellulosic biomass in order to break down lignin and alter the lignocellulosic biomass structure for subsequent processing (Arora et al. 2002; Lee et al. 2007; Isroi et al. 2011) . There are three common types of fungi involved in fungal pretreatment which are white rot, brown rot, and soft rot. White rot fungi destroy the cell wall structure of lignocellulosic biomass by colonising on the cell lumina, which are the anatomical pores in the wood system. The fungal mycelia further propagate and lead to cell wall erosion. Brown rot fungi are normally found on gymnosperm wood, producing brown-coloured decayed wood that are easily broken up into small parts. Soft rot fungi cause pore formation in the secondary wall without harming the middle lamella (Hatakka and Hammel 2010) . Some of the common fungi that are involved in lignocellulosic biomass degradation are white rot fungi Pleurotus ostreatus (Basidiomycota) (Asgher et al. 2013) , Pycnoporus cinnabarinus (Basidiomycota) (Lomascolo et al. 2003) , brown rot fungus Fomitopsis pinicola (Basidiomycota) (Lee et al. 2008) , and soft rot fungus Trichoderma sp. (Ascomycota) (Baldrian 2006) .
Biological pretreatment of water hyacinth using Pleurotus florida resulted in 30.2 % of lignin loss. The high lignin loss subsequently increased the digestibility of the water hyacinth to be used as a ruminant feed and helps to promote the feed intake (Mukherjee and Nandi 2004) . Ruminant feed's digestibility is associated with the lignin content because ruminal microbes do not possess ligninolytic activity (Zadrazil et al. 1995) and highly lignified tissue restricts the accessibility of the hydrolytic enzymes to digest the polysaccharides (Karunanandaa et al. 1995) . Application of Pycnoporus sanguineus H275 on corn stover and wheat straw showed a reduction in the Klason lignin from 28.0 to 20.3 % and from 26.67 to 19.87 %, respectively. (Lu et al. 2010) . Deswal et al. (2014) had reported a 7.91 % of lignin loss after sugarcane bagasse was pretreated with P. florida and yielded 303.33 mg/ g of sugar compared to untreated sugarcane bagasse only yielded 128.39 mg/g of sugar.
Biological degradation of lignocellulosic biomass is a complex process where many variables are involved such as culture conditions, cultivation time, fungal strains, enzymes produced, and action mechanisms of fungal degradation (Wan and Li 2012) . Fungal pretreatment has low energy demand and mild environmental conditions. However, most of these processes are too time consuming for their applications at the industrial level. Despite the advantages, the major issue is the long incubation period needed. Hence, selection of highly effective lignin degraders is worthwhile.
Researchers are directing their focus in using enzymes alone instead of fungi due to the problems arising from the direct application of fungi, such as difficulties in satisfying the growth requirements on a large scale, long incubation processes, and penetration of mycelia into the substrate. With dense presence of white rot fungi and available feedstock, a number of strategies have been employed biologically. One of the latest strategies is the study of enzyme application in lignocellulosic biomass degradation (Arora and Sharma 2009; Asgher et al. 2013; Zanirun et al. 2015) . Treatment with ligninolytic enzymes can minimise the problems encountered in fungal pretreatment and may represent a simpler and more effective method (Lu et al. 2010) . Therefore, enzymatic pretreatment has been implemented and has become an attractive topic for further exploration.
Enzymatic pretreatment
Enzymes are highly favourable compared to chemical utilisation due to several reasons such as higher reaction rates, milder process conditions, and higher reaction specificity. However, biological pretreatment using ligninolytic enzymes involves unspecific reaction to achieve higher reaction rates (Call and Mucke 1997) . Four major types of extracellular ligninolytic enzymes, namely laccase, manganese peroxidase, lignin peroxidase, and versatile peroxidase, are responsible for lignin degradation and lignin modification. Apart from that, there is also a report on ligninolytic's accessory enzymes that act on lignin such as feruloyl esterase (FEA), glyoxal oxidase (GLOX), and aryl-alcohol oxidase (AAO). Ligninolytic enzymes work through oxidation and reduction processes and use oxygen as the final electron acceptor (Khazaal et al. 1990; Ibarra et al. 2006) .
As summarised by Asgher et al. (2014) , biological pretreatment using crude ligninolytic enzymes has several advantages for example: (i) the presence of other ligninolytic's accessory enzymes such as feruloyl esterase (FEA; EC 3.1.1.73) may help the ligninolytic enzymes in degrading lignin compounds by cleaving the diferulic bridges between xylan chains, opening the structures and then releasing the lignin (Faulds and Williamson 1995; Yu et al. 2002; Hermoso et al. 2004 ); (ii) although the enzyme extract contains ligninolytic enzymes as the major enzyme, it may contain some amount of cellulase enzyme that can hydrolyse the delignified lignocellulosic biomass simultaneously; and (iii) there is less inhibiting product produced in biological pretreatment compared to alkaline and acid pretreatments. It had been proven by Chandel et al. Reduce capital cost and number of operation units
Requires robust microorganisms that both cellulolytic and alcohologenic activities Parisutham et al. (2014) , Jouzani and Taherzadeh (2015) (2013) and Liu (2006) that over 35 identified by-products were released from chemical hydrolysis of lignocellulosic biomass and it showed a suppression effect on microbial growth and enzyme accessibility; (iv) enzymatic pretreatment only requires mild conditions without the need of extreme temperature and extreme pH to achieve the maximum hydrolysis percentage (Isroi et al. 2011) . The effectiveness of the pretreatment using crude enzymes mixture is due to the presence of various active isoenzymes from different cultures. A corn cob pretreated with a crude ligninolytic enzymes cocktail from P. florida PF05, Pleurotus sajor-caju PS07, and Pleurotus eryngii PE08 resulted in 5.2 % of lignin loss compared to crude enzyme from single P. florida PF05 only resulted in 2.8 % of lignin loss (Naraian et al. 2010 ). Moreover, delignification by a single type of ligninolytic enzyme is ineffective to achieve high lignin loss. The combination of ligninolytic enzymes is required to maximise delignification, for instance the combination of LiP-laccase and MnP-laccase or combination of laccase-MnPLiP enzymes. For example, Phlebia floridensis resulted in the highest lignin loss (25.2 %) in a wheat straw as compared to P. chrysosporium with only 17.2 % of lignin loss. P. floridensis produced three major types of ligninolytic enzymes compared to P. chrysosporium which lacked in laccase activity (Arora et al. 2002) . Therefore, the capability of ligninolytic enzymes to be applied for other substrates particularly agricultural biomass could be enhanced further. Table 2 summarises some of the examples of biological pretreatment using ligninolytic enzymes.
A decline in inhibitory effect was observed during enzymatic hydrolysis of sugarcane bagasses pretreated with ligninolytic enzymes and it resulted in up to 33 % delignification and 72 % of cellulose hydrolysis (Asgher et al. 2013) . Besides that, the efficiency of filter paper digestion (cellulose hydrolysis) was reduced to 14-60 % by the addition of 15 % lignin to the medium. The unmodified lignin gives more negative effect to the cellulose hydrolysis efficiency compared to hydroxypropylated lignin (modified lignin) (Sewalt et al. 1997) . Lignin modification mainly occurred due to cleavage of β-O-4 aryl ether bond resulting in the increment of free phenolic groups (Chandra et al. 2007 ). Thus, enzymatic pretreatment is a crucial step needed to modify lignin structure and it plays an important role prior to cellulose hydrolysis.
New method of integrating both biological pretreatment and saccharification steps simultaneously is simpler and more economical than sequential steps. Simultaneous pretreatment and saccharification using combination of crude laccase from Tyromyces chioneus and crude hydrolase enzyme cocktail from Pholiota adiposa and Armillaria gemina on rice straw and willow had resulted in 337 and 270 mg/g of sugar yield, respectively (Dhiman et al. 2015) . Furthermore, a combination of ultrasonication, hot water, and ligninolytic enzyme pretreatment on cotton gin trash resulted in the highest cellulose conversion (23.4 %) and highest ethanol yield (31.6 %) compared to a single pretreatment process. Cellulose conversion from the single pretreatment of ultrasonication, hot water, and ligninolytic enzymes were 11.8, 16.6, and 4.81 %, respectively (Plácido et al. 2013) .
Physical pretreatment prior to the application of ligninolytic enzymes does not result in lignin degradation, but it helps to loosen up the lignocellulosic biomass structure. Substrate properties such as crystallinity, degree of polymerisation, pore volume, and available surface area influenced the penetration of cellulolytic enzymes to the lignocellulosic biomass (Chandra et al. 2007 ). Moreover, soaking the substrate with buffer prior to pretreatment process also helps to loosen up the lignin structure and subsequently improve the enzyme penetration to the substrate (Dhiman et al. 2015) . Ultrasonication causes surface modification on the lignocellulosic biomass due to the mechanical damage caused by the action of cavitation bubbles (Mason et al. 2011) . In detail, ultrasonication caused the disruption on the lignocellulosic biomass matrix by cracking and stripping away the waxy layer and teasing the fibrous structure to open which further aid in the enzyme penetration to the substrate (Sabarez et al. 2014 ). The application of ultrasonication prior to enzymatic pretreatment could enhance the lignocellulosic biomass degradation by the enzyme. For example, wheat chaff straw resulted in the highest dry matter loss (approximately 89 %) which reflected the highest in vitro rumen digestibility when pretreated with the combination of ultrasonication and ligninolytic enzymes cocktail from Trametes sp. or Phanerochaete chrysosporium (Sabarez et al. 2014 ). In addition, impregnation of enzyme into the substrate has improved the efficiency of pulp processing. Impregnation of xylanase enzyme has reduced the specific refining energy (SRE) requirement by 24.4 % in order to obtain the desired Canadian Standard Freeness (CSF) pulp for mechanical pulp processing. Enzyme impregnation caused the xylanase to be more uniformly transported and distributed into the core of the wood chips to aid in the disruption of the cell wall (Hart et al. 2009 ).
Consolidated bioprocessing (CBP) requires the use of genetically modified single organism or a consortium of microorganisms that combine the enzyme production, hydrolysis, and fermentation process into a single operation unit (Jouzani and Taherzadeh 2015) . CBP technology will benefit by reduction in capital cost and number of operation units, eliminating the need to supply hydrolytic enzymes for the decomposition of lignocellulosic biomass, and reduction in sugar inhibition to bioalcohol-producing microbes (Lynd et al. 2005; Olson et al. 2012) . CBP approaches include the use of a robust cellulolytic and bioalcohol-producing microbes for biofuel production from lignocellulosic biomass in one vessel (Parisutham et al. 2014) where (i) native single strain exhibits both cellulolytic and alcohologenic activities (Jouzani and Taherzadeh 2015) , (ii) genetic and metabolic engineered cellulolytic microbes to be alcohologenic or (iii) alcohologenic microbes to be cellulolytic (Lynd et al. 2005; Parisutham et al. 2014) , and (iv) cocultures or microbial consortia of saccharolytic and ethanologenic microorganisms (Jouzani and Taherzadeh 2015) are utilised to eliminate the conventional workflow for biofuel production from lignocellulosic biomass.
Ligninolytic enzymes system
Ligninolytic enzymes have the capability to oxidise and depolymerize lignin compounds and its derivatives in cell-free systems (in vitro) as it is synthesised extracellularly. Ligninolytic enzymes are divided into two groups which are peroxidases and oxidases. Laccase is one of the four ligninolytic enzymes that belongs to the oxidase type. Meanwhile, manganese peroxidase, lignin peroxidase, and versatile peroxidase belong to the peroxidase type that exhibits high redox potential required for lignin modification and degradation in lignocellulosic biomass (Ruiz-Dueñas et al. 2009 ).
Lignin-modifying enzymes
Laccase (EC 1.10.3.2) is a multicopper oxidase that oxidises suitable substrates with concomitant reduction of oxygen to water (Cole et al. 1990 ). Almost all studied white rot and litterdecomposing fungi are capable of synthesising laccase in their ligninolytic enzymes system. The variety of substrates that can be oxidised by laccase mainly depends on the oxidation potential of the substrates and to a lesser extent on their steric demands. Different fungi produce laccase with different redox potentials, ranging from energy value, E = 0.43 V (tree laccase from Rhus vernicifera) to 0.78 V (fungal laccase from Polyporus versicolor) (Shleev et al. 2005) , where the substrate specificity of laccase is varied depending on the source of enzyme (Eriksson and Bermek 2009 ). Manganese peroxidase (MnP; EC 1.11.1.13) is one of the common lignin-degrading peroxidases produced by majority of wood-decaying fungi and litter-decomposing fungi that were shown to oxidatively depolymerise lignin with concomitant reduction of molecular oxygen or hydrogen peroxide to water (Paice et al. 1995) . MnP could successfully cleave different lignin model compounds that mimicked the recalcitrant phenolic arylglycerol β-aryl ether and diarylpropane motifs (Tuor et al. 1992; Wariishi et al. 1992 ). These products were generated from the oxidation of alkyl side-chain, and the oxidative cleavage preferentially occurred at the carbon-bridging position. The MnP results suggested that the reactive manganese species was selectively attacking methyl and methylene groups in the para-position to the phenolic OH-groups in lignin (Lange et al. 2013) . The Mn 3+ is a diffusible low molecular weight compound which acts as a natural redox mediator in the enzyme system. Thus, it broadens the substrate specificity of MnP and makes it able to attack non-specifically of non-phenolic compounds (Hatakka 2001 ) which comprise 80-90 % of the lignin (Kawai et al. 1999) .
Lignin peroxidase (LiP; EC 1.11.1.14) is secreted as glycosylated isoenzymes with pI values ranging from 3.2 to 4.0 and molecular masses ranging from 38 to 43 kD (Gold and Alic 1993) . LiP has high redox potential and low optimal pH and is capable of oxidising most of the phenolic compounds to the phenoxy radicals (Kersten 1990; Call and Mucke 1997) . Besides that, the extended reaction due to its high redox potential is able to oxidise non-phenolic aromatic substrates and a wide range of substrates which are not oxidised by other peroxidases (Kersten 1990; Hatakka 1994; ten Have et al. 1998) . The ability of LiP to oxidise a variety of linkages suggests that it shows an imperative role in lignin degradation. The catalytic cycle of LiP is similar to that of other peroxidases as reported by several studies (Renganathan and Gold 1986; Wong 2009 ). The hydrogen peroxide acts a co-substrate for LiP and oxidises a variety of lignin compounds (Renganathan and Gold 1986; Ward et al. 2003) .
Pleurotus sp. (Wong 2009 ). However, the sitedirected mutagenesis and spectroscopic and crystallographic study of three long-range electron-transfer pathways reveal that the oxidation sites for VP differ from both MnP and LiP that makes it classifiable as one of the peroxidases (Pérez-Boada et al. 2005 ). An acidic residue which contains glutamic acid/glutamic acid/aspartic acid (Glu/Glu/Asp) as typically located in MnP is found near the heme internal propionate at the Mn (II) binding site of VP. The Mn 3+ oxidised by VP has similar characteristic with Mn 3+ oxidised by MnP as it acts as a diffusible oxidising agent for phenolic lignin (Ruiz-Dueñas et al. 2009 ). Moreover, VP also contains the residues for interaction with aromatic compounds and veratryl alcohol as LiP does (Pérez-Boada et al. 2005) . Molecular characterisation shows that VP structure is more similar with LiP structure as compared to the MnP isoenzymes structure from P. chrysosporium (Wong 2009 ).
Mediator in ligninolytic enzymes system
A mediator is a small diffusible molecule which acts as an electron carrier between enzyme and substrate. The use of mediator helps in lignin depolymerisation by ligninolytic enzymes for two reasons: (i) mediator can readily diffuse into the lignin fibres after being activated by the enzyme and (ii) they can alter the enzyme's redox potential for enzymatically induced lignin depolymerisation (Lange et al. 2013) . In modification of lignin structure, the properties of mediator should include low molecular weight, high solubility in water, high redox potential, ability to form radicals, and high biodegradation efficiency. Generally, mediators were secreted or produced naturally in the environment by white rot fungi (NikuPaavola et al. 2003) . Soluble and colloidal lignins were also suggested to be natural mediators in the oxidation process (Grönqvist et al. 2003) , and some of the enzymes act with low molecular weight mediator to generate lignin free radicals, which are able to undergo a variety of spontaneous cleavage reactions (Li 2003) . Veratryl alcohol for example was found to be the natural mediator for the lignin peroxidase of P. chrysosporium, while 3-hydroxyanthranilic facilitated laccase produced from P. cinnabarinus to oxidise nonphenolic lignin structure (Eggert et al. 1996) .
Alternatively, the mediator could offer an extension of ligninolytic enzymes action to a wider substrate range. The efficiency of the laccase mediator system (LMS) on nonphenolic substrates depends on (i) the redox potential and the pKa of the mediator, (ii) the steric hindrance of the substrate, and (iii) the specificity of the mediator towards different functional groups. This could explain the lower oxidation yields of laccase with the natural mediators for instance acetosyringone (AS) and methyl syringate (MeS) (Uzan et al. 2010) . Laccase alone could not oxidise the dominant non-phenolic structure which make up for 80-90 % of the lignin structure (Kawai et al. 1999 ). This is due to the low laccase's redox potential, and it does not have sufficient energy to extract electrons from the non-phenolic aromatic substrates. The Canadian Pulp and Paper Research Institute had proven that ABTS and Remazol blue could act as redox mediators which enabled laccase to oxidise non-phenolic lignin model compound (Eriksson and Bermek 2009 ).
An attempt to use a single ligninolytic enzyme in pulp delignification failed as extensive bleaching and delignification were not observed with purified MnP (Paice et al. 1993) as well as LiP and laccase (Kantelinen et al. 1993 ). In the absence of the living organism, the various peroxidases and laccases performed only a negligible lignin reduction. These results indicated that some active ingredients in the crude enzyme were missing in the system and the single enzyme was unable to mimic the complete biological system (Call and Mucke 1997) . Indirect oxidation of low molecular weight and diffusible compounds by LiP suggested that these compounds were capable of penetrating the cell wall of lignocellulosic biomass and oxidising the polymer. However, this theory is still lacking of evidence since low molecular weight intermediates such as veratryl alcohol cation radical were too short lived to act as mediators (Kapich et al. 1999) . After many years, researchers found that mediators were playing an important role in the ligninolytic system. The potential of low molecular weight mediator was then explored, due to its high redox potential (>900 mV) to attack lignin and could migrate from the enzyme into the tight lignocellulose complex.
Several mediators are only effective to be employed with ligninolytic enzymes rather than combined oxidative and hydrolytic enzymes system (enzyme cocktail). Both simultaneous and sequential pretreatment using Trametes hirsuta LMS with N-hydroxyacetanilide (NHA) as mediator and xylanase from Trichoderma reesei have resulted in better delignification of pulp compared to pretreatment using single enzyme alone. However, sequential pretreatment was better than simultaneous pretreatment with 70.6 and 67.2 % delignification, respectively. Both enzymes were proposed to act synergistically by looking at the reduction of kappa number (Oksanen et al. 2002) . Despite the advantage of enzyme cocktail system, both oxidative and hydrolytic enzymes possess challenge in different ranges of optimum pH and thermal stability. Secondly, the oxidised mediator from LMS system may cause xylanase inactivation (Woolridge 2014 ) and sometimes inactivate the laccase itself (Valls et al. 2010) . Furthermore, the pulp fibre degradation products such as ferulic, caffeic, sinapic, p-coumaric, benzoic, and vanillic acids from the LMS action might suppress the xylanase (Kapoor et al. 2007 ).
Factors influencing enzymatic pretreatment
In vitro enzymatic lignin degradation is often limited by several factors such as properties of the lignocellulosic biomass (Wan and Li 2011a) , temperature, pH, mediator addition (Ibarra et al. 2006) , presence of oxygen (Hammel et al. 2002) , and surfactant (Kondo et al. 1994; Elegir et al. 2005) . Figure 1 summarises an overview of factors influencing enzymatic pretreatment and effects on lignin.
Effects of lignocellulosic biomass properties
As was described earlier, lignocellulosic biomass consists of lignin, hemicellulose, cellulose, and trace of ashes and extractives. Generally, substrates that exhibit low lignin content are prone to pretreatment compared to those with high lignin content as there is less heteropolymer complexity in the lignocellulosic biomass. This statement is in agreement with Zanirun et al. (2014) who claimed that the utilisation of oil palm decanter cake (OPDC) which contains high lignin resulted in low cellulase production due to the presence of the lignin barrier and crosslinking between lignin and cellulose.
The specific functional groups present in lignin cause nonproductive binding with the cellulase enzyme. This condition reduces the efficiency of enzymatic hydrolysis and restricts the accessibility of cellulase towards cellulose (Chandra et al. 2007 ). The hydrophobic property of lignin is a primary factor that results in non-productive binding between lignin and cellulase enzyme (Sewalt et al. 1997) . However, this problem can be overcome by altering the lignin surface structure. Increasing the acid functional groups on the lignin surface such as sulfonic acid, carboxylic acid, and oxidative acid groups will subsequently reduce the lignin hydrophobicity, thus minimising the non-productive binding probability between cellulase and lignin (Zhu et al. 2009; Nakagame et al. 2011; Kumar et al. 2011) . The surrounding pH affects the lignin surface charge, and this has strong influence on (i) functional groups attached on the lignin surface that contribute to the lignin hydrophobicity and (ii) electrostatic interactions between lignin and cellulase. The degree of pH-induced surface charges on lignin and cellulose is different due to the types and amount of functional groups attached on their surfaces, respectively (Lan et al. 2013) . For example, the byproduct of sulphite pretreatment, namely lignosulfonate (LS) which has sulfonic acid groups, tended to associate with cellulase and formed lignosulfate cellulase complex (LCC). The LCC has been proven to act as a polyelectrolyte and reduce the non-productive binding between lignin and cellulase. The LCC exhibited more negative charges than cellulase and it increased the electrostatic repulsion between lignin and cellulase (Wang et al. 2013b) .
β-Glucosidase of T. reesei showed the strongest nonproductive binding onto lignin due to electrostatic attraction between the negatively charged lignin and positively charged cellulase protein at low pH between 4.0 and 5.0. The remaining activity of β-glucosidase in the supernatant decreased from 17.3 to 2.0 % when the cellulase was incubated with the isolated lignins of liquid hot water-pretreated hardwoods. However, the non-productive binding was decreased at elevated pH 6 and as the NaCl concentration increased. It was due to the β-glucosidase from T. reesei which have pI values of 5.7-6.4 and the effect of salt ions on the enzyme binding onto lignin (Ko et al. 2015) .
On top of that, the sugar yield of 24 h pretreated corn stover was higher than untreated corn stover, which indicated that mixing cellulase with a substrate containing high lignin content would repress the cellulase activity and subsequently reduced the hydrolysis performance (Wang et al. 2013a ). This is supported by Sewalt et al. (1997) where soluble protein concentration which represented cellulase dropped about 10-30 % when they incubated cellulase with lignin. The cellulase was suspected to interact and bind with lignin which caused cellulase deactivation. Moreover, direct addition of cellulase after pretreatment using ligninolytic enzymes without washing the corn stover has resulted in low sugar yield. The cellulase repression is possibly due to the presence of excess ligninolytic enzymes and their degradation products in the mixture. It was postulated that the excess ligninolytic enzymes and cellulase compete with each other for the substrate's adsorption sites (Qiu and Chen 2012; Wang et al. 2013a) .
The purpose of preliminary pretreatment prior to biological pretreatment is to eliminate the factors that interfered the pretreatment process. The common interference factors are the presence of pectin and extractives in the lignocellulosic biomass. A compositional analysis by Oberoi et al. (2010) showed that low lignin content (0.59 %) in orange peel makes the substrate susceptible to hydrolysis, but problems were encountered in hydrolysing the pectin-rich cell wall in order to release the sugars. Lack of understanding on the interactions between galacturonic acid (GA) units in pectin and the linkages between pectin and cellulose in the substrate make the pretreatment process more challenging.
Generally, the amount of solvent-soluble extractives was higher compared to water-soluble extractives. Water-soluble extractives have abundant free fatty acids, while solventsoluble extractives were high in lipophilic materials such as sterols and waxes. The main classes of lipophilic extractives detected were free fatty acids, sterols, waxes, steryl esters, and Fig. 1 Overview of factors influencing enzymatic pretreatment and their effects on lignin triglycerides. The amount of lipophilic extractives from wheat straw decreased with the decreasing order of organic solvent polarity (Sun and Tompkinson 2003) .
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Oil palm trunk exhibited the highest extractives content followed by frond and empty fruit bunch with respective values of 5. 35, 4.40, and 3.21 % with benzene-ethanol extraction (Abdul Khalil et al. 2008 ). Due to the high extractives content in oil palm trunk, the pulp yield was lowered and hence not suitable for papermaking. In addition, Wan and Li (2011b) suggested that the presence of extractives in biomass acted as a protective barrier against fungal attack. Fungal degradation was very low in wheat straw compared to corn stover, and consequently, it reduced the cellulose digestibility in wheat straw. Fungal degradation was influenced by the extractives content in which wheat straw accounted for 12.56 %, while corn stover exhibited 7.64 % of extractives. On the other hand, combined pretreatment of hot water extraction followed by fungal degradation gave an improvement towards biological pretreatment of wheat straw. Hot water extraction removed water-soluble extractives while the lipophilic extractives such as wax, chlorophyll, and resin still remained, and the fungus was able to degrade the lipophilic extractives. Thus, removal of the water-soluble extractives increases fungal degradation performance. However, corn stover was less affected by the combined pretreatment method compared to wheat straw as it could be degraded efficiently by fungal pretreatment alone due to its low extractives content (Wan and Li 2011a) .
Toluene-ethanol-soluble extractives (solvent-soluble extractives) were 8.6 and 4.0 % for softwood and hardwood, respectively. The most abundant compounds detected in toluene-ethanol-soluble extractives of softwood are fatty acids (hexadecanoic acid and oleoic acid), resin acids, and sterols while hardwood is rich in paraffin and sterols. Most of the detected compounds are regarded as waxy materials with a carbon number ranging between 20 and 40 (Garcìa-Pérez et al. 2007) . Therefore, the presence of water-soluble extractives or solvent-soluble extractives and the nature of the biomass may influence the performance of lignin degradation.
The presence of silica in plant system is essential for its growth and for plant cell wall protection. However, the presence of silica may disturb the pretreatment performance and efficiency as it is resistant to degradation, able to survive plant decomposition process, and durable under a wide range of environments and pretreatment processes (Van Soest 2006; Neethirajan et al. 2009 ). Most of the fibres contain small amount of silicon element. For example, a study by Bledzki et al. (2010) showed that wheat husk has the highest silicon (2.1 %) compared to softwood (1.1 %) and rye husk (0.2 %). Among other straws, rice straw exhibited low lignin but high in silica content that affects greatly in its digestibility for forage purposes (Van Soest 2006) . A study by Hasan et al. (1993) proved that Indica rice plant (resistant type) that exhibited high resistance towards lodging contains high silica content and its straw was less susceptible to digestion compared to the susceptible type.
Effects of pH and temperature
Temperature and pH are important factors that affect the 3D structure and function of ligninolytic enzymes. Ligninolytic enzymes are usually sensitive and responsive to small changes of pH as it may change the distribution of charges in the active site of the whole enzyme's surface (Santhanam et al. 2012) . With respect to enzyme activity, extreme pH values usually decrease or deactivate the rate of reactions (Illanes 2008) .
Laccase and MnP were best produced at pH 4.5 in fermentation whereas LiP was optimum at pH 2.5 (Arora and Gill 2005) . A study of laccase from three fungi, P. cinnabarinus, Trametes villosa, and Myceliophthora thermophila, was subjected to a wide range of pH. As a result, the pH for P. cinnabarinus and T. villosa showed optimal activity in the acidic range, whereas M. thermophila was stable at alkaline pH range (Ibarra et al. 2006) . Crude extract of ligninolytic enzymes is very pH sensitive, and thus, pH regulation is required for lignin modification.
The effects of temperature were different in each of the ligninolytic enzymes. Optimum temperature for laccase and MnP enzyme activities was 50 and 55°C for P. ostreatus and Trametes versicolor, respectively, whereas MnP was optimum at 60°C (Snajdr and Baldrian 2007) . Both P. cinnabarinus and M. thermophila laccases showed increase in activity within 40 to 90°C, whereas constant activity was observed up to 90°C and decreased instantly for T. villosa (Ibarra et al. 2006) . These physical parameters played important roles in the ability to maintain the catalytic sites and the bonding properties of enzyme proteins.
Effects of mediator
Each type of ligninolytic enzymes strongly depends on a different mediator in the delignification process. Ligninolytic enzymes produced from different microorganisms possess different oxidation abilities. Thus, selection of a suitable mediator is necessary. Suitable mediators have to be selected based on its redox potential value. The higher redox value compared to the enzyme is necessary to ensure the effectiveness of the mediator. Figure 2 shows the summary of oxidative mediation of lignin modification reactions based on the phenolic and non-phenolic compounds of lignin. The action of ligninolytic enzymes system produced reactive radicals that will attack the lignin structure. In general, the aromatic ring of the phenolic compounds formed phenoxy radicals by hydrogen abstraction, whereas the aromatic ring of the non-phenolic compounds undergo one-electron abstraction to form aryl cation radicals or cation radicals (Hofrichter 2002) . Cho et al. (2008) investigated the laccase and mediator cooperation in the oxidation of non-phenolic lignin model dimer, namely veratrylglycerol-β-vanillate ether (VVE). D i f f e r e n t t y p e s o f m e d i a t o r s , n a m e l y 1 -hydroxybenzotriazole (HBT), acetovanillone (AV), and acetosyringone (AS), were used in order to select the most efficient mediator for laccase. The results showed the LMS with AV was significantly better compared to HBT and AS to degrade the lignin constituent of lignocellulosic biomass. Moreover, the reactivity of the LMS was also evaluated for lignin loss in mixed wood pulp in the presence of HBT at different concentrations. The crude enzyme was produced from mutagenized Aspergillus fumigatus VkJ2.4.5 strain in solid-state fermentation using banana peel. Decrease of lignin content in the mixed wood pulp was not observed with the absence of the mediator (Vivekanand et al. 2008) .
A study conducted by Valls et al. (2010) exhibited reduction of 3.4 units kappa number with laccase-NHA system compared to well-known laccase-HBT system. The xylanase pretreatment prior to LMS with NHA increased the kappa number reduction to 3.7. The redox potential of NHA was slightly lower than HBT and its reversible oxidation is pH dependent. On the other hand, HBT was irreversibly oxidised and generated highly unstable NO• radicals which was rapidly transformed into catalytically inactive by-product such as benzotriazole. Besides that, two types of natural laccase mediators, namely acetosyringone and syringaldehyde, have resulted in 15 % increase in pulp brightness and 15 % reduction in kappa number and the phenylpropane units of the pulp have been modified in terms of guaiacyl-syringyl ratio after the LMS pretreatment (Camarero et al. 2007 ). In addition, biological pretreatment of oil palm empty fruit bunch using crude enzyme with the addition of HBT and manganese sulphate has increased the cellulose hydrolysis to 44 %, whereas crude enzyme alone only yielded 27 % of cellulose hydrolysis (Zanirun et al. 2015) .
The role of manganese ion as a mediator on the MnP activity was also tested in kraft pulp bleaching. MnP treatment of softwood kraft pulp lowered the kappa number and increased the alkali extraction ability of the residual lignin but did not directly solubilise it, which indicated that MnP partially oxidised the lignin but did not convert it into soluble fragments (Reid and Paice 1998) . LiP generally oxidised its mediators for instance veratryl alcohol into veratryldehyde in its enzymatic reaction. Veratryl alcohol is one such mediator compound that serves as a substrate for LiP and is produced by the ligninolytic microorganism as a secondary metabolite synthesised de novo by P. chrysosporium (Ralph et al. 2004 ). Besides its role as a mediator for the electron-transfer reactions, it has also been found to prevent the inactivation of LiP by excess hydrogen peroxide (Collin et al. 1997) . However, the unstable and short-lived veratryl alcohol radical limits its role in lignin degradation.
Effects of oxygen
Lignin degradation by fungi in nature occurs via an oxidative process. Fungi naturally produce reactive oxygen species such as hydroxyl radicals (•OH), hydroperoxyl radicals (•OOH), and peroxyl radicals (ROO•) to help ligninolytic enzymes to attack lignin (Hammel et al. 2002) . Among three major types of ligninolytic enzymes, only laccase can directly use oxygen, whereas MnP and LiP use a reduced form of oxygen which is hydrogen peroxide. During the oxidative process, molecular oxygen is reduced into a variety of reactive oxygen species that exhibit different reactivities. Therefore, oxidising agents such as hydrogen peroxide, ozone, oxygen, or air are the crucial factors during oxidative lignin degradation process (Hammel et al. 2002) . Lignin degradation via oxidative mechanism is highly reliant on hydrogen peroxide as it is inevitably present and cooperatively works together with oxygen in the ligninolytic system (Asgari and Argyropoulos 1998) .
The incubation time of fermentation was reduced by 1 week when oxygen was supplied to a wheat straw cultured with Phanerochaete sordida 37 and P. cinnabarinus 115, and this proved the importance of oxygen in pretreatment (Hatakka 1983; Hatakka 1984 ). Moreover, the particle size of the biomass influences the circulation of oxygen in a cylindrical glass column. Corn straw with particle size of more than 4.76 mm demonstrated the best lignin loss with airflow supply of 100 mL/min showing the importance of air during the pretreatment process. The large particle size lowered the level Higuchi (2006) of packed density which helps in oxygen transference and ensures there is sufficient amount of air in the column (Gómez et al. 2012 ).
Effects of surfactant
Generally, surfactant or surface active agent is the compound that lowers the surface tension of liquid for easier spreading of molecules. Surfactant enhances the bioavailability of particular compounds by stabilising the substrates in micelles, solubilising the compound in the aqueous phase (Edward et al. 1991) , or facilitating the transport from the solid phase to the aqueous phase (Volkering et al. 1995) . The surfactant effects were also studied in the oxidation of lignin model compounds using LMS from Ceriporiopsis subvermispora and T. hirsuta (Elegir et al. 2005) . It was reported that the C. subvermispora lignin-modifying system did not oxidise the non-phenolic compounds even in the presence of ABTS or HBT mediator. However, the addition of surfactant specifically Tween 20 led to higher degree of conversion, 93 % when used in combination with HBT.
A similar pattern was also observed in T. hirsuta as it showed the same behaviour of non-phenolic oxidation with the addition of surfactant. MnP in the presence of Mn 2+ and Tween 80 helped in depolymerising synthetic non-phenolic lignin compound compared to the use of Tween 20 (Bao et al. 1994) . The presence of Tween 80 with the MnP from fungi also enhanced the wood pulp bleaching process (Kondo et al. 1994; Bermek et al. 2002) . However, their effectiveness is influenced by natural conditions and their own properties. Insignificant results of lignin degradation were exhibited when different surfactants such as n-dodecyl-β-maltoside and linoleic acid were used in comparison to Tween 20 and Tween 80.
Concluding remarks and future perspectives of enzymatic pretreatment
An observation from nature leads to exploitation of lignin-degrading fungi and opens up opportunities to expand the role of these fungi for further biotechnological applications. Current research regarding pretreatment technologies of lignocellulosic biomass is still below the target for the industrial needs, as they are having difficulties in the large scale production of ligninolytic enzymes a n d i n l o w e r i n g t h e e n z y m e p r o d u c t i o n c o s t . Implementation of biological pretreatment using ligninolytic enzymes rather than the conventional method could have a huge impact on the economic value and the conversion of lignocellulosic biomass into value-added products. Furthermore, it could solve the fungal pretreatment issues such as time constraint, over-consumption of polysaccharide by fungi that causes excessive carbohydrate degradation, and fungal contamination.
In the future, the scope of biological pretreatment studies can expand to the investigation about the functional groups involved in the lignin degradation and modification process and how the presence of lignin affects the subsequent cellulose saccharification through its surface functional groups, charge, and pH. The simultaneous or synergistic action among the ligninolytic enzymes during the delignification process can add to the understanding of the synergistic action among exoglucanase, endoglucanase, and β-glucosidase and how they interact with one another.
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